Apatite films were deposited onto titanium (Ti) metal substrates by an electrodeposition method under a pulse current. Metastable calcium phosphate solution was used as the electrolyte. The ion concentration of the solution was 1.5 times that of human body fluid, but the solution did not contain magnesium ions at 36.5°C. We used an average current density of 0.01 A/cm 2 and current-on time (T ON ) equal to current-off time (T OFF ) of 10 ms, 100 ms, 1 s, and 15 s. The adhesive strength between apatite and Ti substrates were relatively high at T ON ‫ס‬ T OFF ‫ס‬ 10 ms. It is considered that small calcium phosphate (C-P) crystals with low crystallinity were deposited on the Ti surface without reacting with other C-P crystals, H 2 O, and HCO 3 − in the surrounding environment. This resulted in relaxation of the lattice mismatch and enhancement of the adhesive strength between the apatite crystals and Ti substrates.
I. INTRODUCTION
Titanium (Ti) metal and its alloys are widely used for orthopedic and dental applications because they exhibit high mechanical properties and biocompatibility. [1] [2] [3] Ti metal has a passive layer of TiO 2 on its surface, which is responsible for its chemical stability and therefore its biocompatible characteristics. This oxide layer naturally has a thickness of a few nanometers, but the thickness can be increased to a few micrometers by chemical and thermal treatments. 4 Although Ti metal is biocompatible, it is not bioactive and hence it cannot directly bond to living bones. To improve its bone-bonding property, apatite coating is applied on Ti implants. 5 Several coating methods, such as plasma spraying, 6 biomimetic precipitation, 7, 8 and electrodeposition, [9] [10] [11] have been successfully used to deposit an apatite layer on Ti or titanium alloy implants. Each of these methods has some advantages as well as drawbacks. Among these coating techniques, only the plasma spraying of apatite is clinically used. However, the high temperature of the plasma flame may adversely affect the implant structure and the homogeneity of the coating, resulting in delamination of the coating. [12] [13] [14] The electrodeposition method is an alternative process that uses aqueous solutions at low temperatures; this method hardly affects the implant structure and can be applied to complex shapes. 15 In addition, the apatite layer can be rapidly formed on Ti substrates by electrodeposition in a metastable calcium phosphate solution whose ion concentration is 1.5 times that of a normal simulated body fluid (SBF), and does not contain MgCl 2 и6H 2 O. 16 However, this method increases the pH at the interface between Ti and the electrolyte due to electron incorporation to form OH − ions and H 2 through water reduction. 17 The H 2 gas evolution at the interface leads to a heterogeneous coating. 15 Furthermore, the adhesive strength between apatite and the substrate is often low and the total amount of apatite crystals deposited on the Ti substrate is much smaller than that theoretically calculated from the total electric charge. 18 To solve this problem, new approaches are needed in the electrodeposition method. Our previous studies revealed that electrodeposition under a long pulse (>5 s) was more effective for crystal growth and apatite formation than that under direct current. 19 The studies also revealed that when the Ti metals were previously etched in 50% or 75% sulfuric acid (H 2 SO 4 ) followed by electrodeposition and then heat treatment, a dense and uniform apatite layer with good adhesive properties was formed onto the Ti substrates. 20 However, pyrophosphate (P 2 O 7 4− ) compound, an inhibitor of mineralization, 21 was formed in apatite crystals during heat treatment.
The purpose of the present work is to coat an apatite layer on Ti substrates with good adhesion in metastable calcium phosphate solution by using various pulse widths without subsequent heat treatment and to investigate the effect of pulse width on the apatite coatings and adhesive strength.
II. EXPERIMENTAL
Rectangular specimens of Ti substrates (purity: 99.5%, The Nilaco Corporation, Tokyo, Japan) with a volume of 10 × 10 × 1 mm 3 were abraded with a #400 diamond plate and then washed with acetone, ethanol, and ultrapure water in an ultrasonic cleaner.
Before the electrodeposition under pulse current (PE), the Ti substrates were etched in 30 cm 3 of H 2 SO 4 with a concentration of 75%, which was prepared by diluting 97% H 2 SO 4 (Nacalai Tesque Inc., Kyoto, Japan) with ultrapure water at 60°C for 30 min. After etching, the specimens were washed with ultrapure water.
PE was performed in a two-electrode cell configuration. The Ti specimens were used as the cathode, and a platinum plate (HX-C2, Hokuto Denko Corp., Tokyo, Japan) was used as the counter electrode. At a current-on time (T ON ) of 15 s, the pulse current was applied by a function generator (Agilent 33120A, Agilent Technologies Inc., Tokyo, Japan). At a T ON of 10 ms, 100 ms, and 1 s, the pulse current was applied by a controlled current pulse generator (HC-110, Hokuto Denko Corp., Tokyo, Japan). The average current density was 0.01 A/cm 2 , and T ON was equal to the current-off time (T OFF ) irrespective of the pulse width. The electrolyte was 60 cm 3 of 1.5SBF (simulated body fluid) without magnesium Mg 2+ ions at 36.5°C. In this study, to enhance the growth of apatite, the ion concentration of the solution was increased up to 1.5 times that of normal SBF, 22 but Mg 2+ ions, an inhibitor of hydroxyapatite precipitation and growth, 23 were eliminated in the electrolyte. 16 demonstrated that uniform apatite deposition was achieved by electrodeposition over 90 min. After the electrodeposition, the specimens were gently washed with ultrapure water and then dried at 40°C for 24 h.
The surface structure of the specimens was investigated by field-emission scanning electron microscopy (FE-SEM; S-4500, Hitachi Ltd., Tokyo, Japan), thin-film x-ray diffraction (TF-XRD; Rigaku RINT-2500, Tokyo, Japan), and Fourier transform infrared reflection spectroscopy (FTIR; Nicolet Magna 860, Thermo Electron K.K., Kanagawa, Japan). The thickness of the products deposited on the Ti substrates by PE was measured by FE-SEM. The surface roughness (arithmetic average roughness: Ra) of the substrates was measured by atomic force microscopy (AFM; SPA300, Seiko Instruments Inc., Tokyo, Japan).
The adhesion between apatite and the substrates was evaluated by a peeling test using Scotch tape (810, Sumitomo 3M Ltd., Tokyo, Japan) and by a scratch test using a surface property tester (Type 14DR, Shinto Scientific Corp. Ltd., Tokyo, Japan) equipped with a sapphire needle (diameter of 50 m). In the scratch test, constant loads of 50, 100, and 200 g were applied to the scratch needle. Figures 1 and 2 show the FE-SEM photographs and the TF-XRD patterns of the surface of both the unetched Ti substrates and those etched in 75% H 2 SO 4 , respectively. We confirmed that microstructural roughness was formed by the acid etching. The Ra of the unetched substrate was 0.116 m, while that of the etched substrate was 0.186 m. The reactions taking place during the etching of the Ti substrate in 75% H 2 SO 4 are shown below. 24 
III. RESULTS AND DISCUSSION
Ti + H 2 → TiH 2 .
According to the above chemical reaction (3), TiH 2 will be formed on the Ti substrates by the acid treatment. Indeed, we can confirm XRD peaks of TiH 2 around 40.9°a nd 59.6°in 2, as shown in Fig. 2 and our previous study. 20 Figure 3 shows the TF-XRD patterns of the unetched and etched Ti substrates subjected to PE at various T ON . For all specimens, the peaks assigned to apatite were observed at around 26°, 28°, and 32°in 2. 25 Furthermore, the diffraction peak due to (202) of apatite was observed at around 36°in 2 for the specimens at T ON ‫ס‬ 15 s. The existence of the diffraction peaks of apatite means that apatite was successfully deposited on the Ti metal surface by PE. The diffraction peaks of apatite for the specimens at T ON above 1 s were stronger than those at T ON below 100 ms. Figure 4 shows the total intensities of the diffraction peaks of apatite at various T ON . The intensity of apatite tended to decrease with decreasing T ON . The decrease in intensity indicates a decrease in the weight fraction of apatite in the crystals on the surface comprising Ti metal, apatite crystals, and calcium phosphate [Ca 3 (PO 4 ) 2 , C-P] crystals. 26 Figure 5 shows the thickness of the products, comprising apatite and/or C-P, 17 formed on Ti substrates by PE at various T ON . The figure shows that there is no correlation between the thickness of the products deposited on the Ti substrates and T ON . Therefore, it is considered that the pulse width affects the weight fraction of apatite in the products deposited on the Ti substrates, but not the total amount of products deposited by PE. According to Figs. 3 and 4 , it is considered that the weight fraction of apatite crystals in the products deposited on the Ti substrates kept decreasing with T ON . This indicates that the crystal growth of apatite was suppressed with a decrease in T ON . Figure 6 shows the FTIR spectra of the unetched and etched Ti substrates, which were subjected to PE at various T ON . In Fig. 5 , all spectra showed PO 4 3− absorption bands 27 3 2− in apatite and/or CaCO 3 and the fraction of apatite crystals in the deposited products on the Ti substrates decrease with T ON . However, it is considered that the acid etching hardly affects the crystal structure of apatite because similar TF-XRD patterns and FTIR spectra were obtained for both the unetched and etched Ti substrates. Figure 7 shows the FE-SEM photographs of the unetched and etched Ti substrates subjected to PE at various T ON . For each specimen, the left side is the FE-SEM photograph of the unetched Ti substrates subjected to PE at various T ON , and the right side is that of the etched Ti substrates subjected to PE at various T ON . These photographs show that dense uniform layers were formed on the surfaces of all specimens. Figures 3 and 6 show these layers might be apatite. It was found that the apatite crystals on all specimens had cracks. These cracks might be formed by vaporization of moisture in apatite crystals, when the substrates were dried in air at room temperature after the electrodeposition. The width of the cracks decreased with T ON . During plating, it is known that amorphous thin films have no cracks on its surface. 30 Similarly in this study, it is considered that the increase in the amorphous component of the products decreased the crack width. Figure 8 shows the FE-SEM photographs of the unetched and etched Ti substrates subjected to PE at various T ON followed by the peeling test using Scotch tape. The deposited apatite was easily peeled off by the Scotch tape for the etched and unetched Ti substrates subjected to PE at T ON ‫ס‬ 1 s and 15 s (see Fig. 7 ). However, it did not peel off (with the glue of the Scotch tape remaining on the surface) from the etched Ti substrates subjected to PE at T ON ‫ס‬ 10 ms and 100 ms and the unetched Ti substrates subjected to PE at T ON ‫ס‬ 10 ms. The glue of the Scotch tape that remained on the surface indicates that the adhesive strength of the apatite coating of these specimens was relatively high. The cracks did not extend outside the scratch trace, and the apatite films deposited on the etched Ti substrates subjected to PE at T ON ‫ס‬ 10 ms and 100 ms did not come off even though a high load of 200 g was applied to the scratch needle. The results for the above peeling and scratch tests were summarized in Table II .
The mechanism for apatite formation and good adhesion on specimens electrodeposited under a short pulse current at T ON values, such as 10 ms, can be interpreted as follows. When the potential is loaded at the cathode (Ti), cations (H + , Na + , K + , and Ca 2+ ) in the electrolyte move to the surface of the cathode within 10-30 ms, and T. Hayakawa et al.: Effect of pulse current on structure and adhesion of apatite electrochemically deposited onto titanium substrates then an electric double layer is formed. 31 In the electric double layer near the cathode, anions (OH − , Cl − , HCO 3 − , and HPO 4 − ) can exist due to diffusion. After the electric double layer is formed, the following reaction occurs at the surface of the cathode.
Therefore, it is considered that the electric charge is consumed for the formation of the electric double layer and the reduction of H 2 O during T ON . Due to reaction (4), the pH value increases at the surface of the cathode. The sudden increase in pH triggers the crystal nucleation of C-P crystals. 32 The C-P crystals react with H 2 O and HCO 3 − in the surrounding fluid to form apatite, including CO 3 2− . The decrease in T ON causes an increase in the consumption rate of the electric charge for the formation of the electric double layer per period. This means that both the reduction of H 2 O and the amount of C-P crystal nuclei at the cathode surface per period decrease. As a result, it is considered that the nucleation of C-P crystals with low crystallinity occurred on the Ti surface without sufficiently reacting with other C-P crystals, H 2 O and HCO 3 − , and hence small apatite crystals were deposited on the Ti surface. It is known that a residual stress in the electrodeposited layer gives a large effect on their adhesive strength. 33 In this study, we speculate that the deposition of small apatite crystals increase the number of crystal grain boundary and hence decrease the residual stress that originated from the lattice mismatch between apatite crystals and Ti. 33 Therefore, the adhesive strength between apatite and the Ti substrates was enhanced for the specimen with T ON ‫ס‬ 10 ms. As shown in Fig. 7 , the adhesive strength was also enhanced at T ON ‫ס‬ 100 ms for the etched Ti substrates subjected to PE. This can be attributed to the anchoring effect of the microstructural roughness formed during acid etching as well as the deposition of small apatite crystals. In conclusion, the electrodeposition technique described in this study is useful for coating bioactive apatite onto metallic materials.
IV. SUMMARY
Ti metal substrates etched in 75% H 2 SO 4 were roughened uniformly. Apatite films were deposited onto unetched substrates and substrates etched in 75% H 2 SO 4 by electrodeposition under a pulse current. For the specimens electrodeposited at T ON ‫ס‬ 10 ms, the adhesive strength between apatite and the Ti substrates was greatly improved. In these specimens, we consider that the mismatch relaxation, which resulted from the difference in the lattice constant between apatite crystals and Ti, occurred due to the restraint of the growth of calcium phosphate into apatite.
